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Abstract 
Ultra-fine BayCa1-y(ZrxTi1-x)O3 powders, with y = 0.89 and x = 0.10, has been synthesized by solid state reaction route 
from commercial BaCO3, CaCO3, TiO2 and ZrO2 powders using the high-energy ball milling technique in air at room 
temperature. Dense BCZT ceramics were prepared by varying the sintering conditions from green pellets obtained by 
uniaxial pressing of powders calcined at 800 C. The results of dielectric and ferroelectric properties show that the high-
energy ball milling process is a practical and promising way to prepare BCZT ceramics 
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1. Introduction  
Excellent piezoelectric and electromechanical properties have been achieved in ferroelectric lead based 
ceramics, like PZT, PMNPT, etc. (Haertling, 1999). In particular, lead zirconium titanate (Pb(Zrx,Ti1-x)O3 or 
PZT) ceramics have been extensively studied during the last decades, among all the compositions of PZT. 
Because lead is toxic, current legislation in Europe requires its gradual removal from electronic components. 
The search is now focused in alternative lead-free piezoelectric materials. For this purpose, barium titanate 
(BaTiO3) is a typical ferroelectric perovskite oxide that exhibits a large dielectric constant at its Curie 
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temperature (120 C) (Lines and Glass, 1997). For ABO3 perovskites, substituting the A and/or B cation site by 
isovalent ions can alter the electric behavior of the materials, e.g., the addition of calcium (Ca) or strontium 
(Sr) into barium (Ba) site or zirconium (Zr) or hafnium (Hf) into titanium (Ti) site in barium titanate. 
Accordingly, barium zirconate titanate (Ba(ZrxTi1íx)O3, BZT) has become a very attractive material, because 
the zirconium substitution into the titanium sites enhances the dielectric and piezoelectric properties. 
Besides BaTiO3 and BZT, Barium calcium zirconate titanate ((Ba,Ca)(Zr,Ti)O3, BCZT) is a good 
candidate for a variety of applications, such as multilayer ceramic capacitors (MLCC), piezoelectric actuators, 
and positive temperature coefficient resistors (PTCR), due to its excellent dielectric, ferroelectric and 
piezoelectric properties. Moreover, its properties can be controlled by varying the Ba/Ca and Zr/Ti 
compositions. However, this material requires a high sintering temperature (>1450 C) which does not agree 
with the industrials requirements. In order to decrease the sintering temperature, it is necessary to produce 
powders with fine particle sizes and homogeneous distribution. 
According to preliminary results (Liu and Ren, 2009), the piezoelectric coefficient d33, the inverse 
piezoelectric coefficient, the dielectric constant, etc., reach huge values in a BaZr0,20Ti0,80O3- 
xBa0,70Ca0,30TiO3 (BZT- xBCT) when the molar percentage (x) of BCT is equal to 50. However, the effects of 
processing parameters on the phase structure and dielectric properties of BCZT have not been reported. 
Mechanochemical activation by mixing high energy (high-energy ball milling) has become important to 
produce solid state reactions at lower temperatures than those used in conventional methods of powder 
preparation (Suryanarayana, 2001). This mechanical technique is unique because of its advantages: i) low cost 
of starting materials, ii) low operating temperature and iii) higher sinterability than that obtained with the 
conventional methods. In the present work, we report the preparation of BCZT ceramics via sintering of 
powders obtained by high-energy ball milling and their electrical properties. 
2. Experimental  
BCZT ceramics were prepared via conventionally mixed-oxide method by high energy ball milling. 
Commercial powders of barium carbonate (BaCO3) (99.98 % Sigma-Aldrich), calcium carbonate (CaCO3) 
(99.0% Sigma-Aldrich), titanium dioxide (TiO2) (99.98 % Sigma-Aldrich) and zirconium oxide (ZrO2) (99.9 
% Sigma-Aldrich), were used as starting materials with the nominal composition of Ba0.89Ca0.11Zr0.10Ti0.90O3. 
The precursors were ball-milled in a planetary ball milling (Torrey Hills Technologies ND0.4L) during 4 h, 
into a zircon jars. 
Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA) measurements were carried 
out on the as-obtained powder from 20 to 1200 C at 10 C/min of heating rates in normal atmosphere in a 
Shimadzu DTG60 analyzer. The powders were calcined from 600 to 1200 C for 2 h in air. Powders were 
analyzed by XRD (X-rays diffraction) and FESEM (FEI QUANTA200). 
Two weight percent PVB was added to the powder (treated at 800 C) as binder, then the powders were 
uniaxially pressed into green pellets at 200 MPa. The sintering behavior of the milled powders was monitored 
at constant heating rate (5 C/min) in a Theta Dilatronic dilatometer. 
Different pellets were sintered at 1250, 1300 and 1400 C. Structural analyses of sintered samples were 
performed by XRD. Microstructures were observed by scanning electron microscopy (SEM Philips 505). The 
capacitances of the samples were measured using HP 4192A impedance analyzer.  
X-ray diffraction analysis of the powders and ceramics were performed using a diffractometer Philips 
PW1700 with CuKa (O= 1.5418 Å) radiation over the range of 2T = 10–80º (steps of 0.02º and counting time 
of 5 s). 
The hysteresis loops was measured using Sawyer-Tower ferroelectric tester 
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3. Results and discusion 
Figure 1 shows the XRD pattern of the mixture of BaCO3, CaCO3, TiO2 and ZrO2, ball milled for 5 h, as 
milled and calcined at various temperatures (800, 900, 1000, 1100 and 1200 C). In the XRD pattern of the 
milled mixture without annealing is observed that the diffraction peaks are all attributed to the initial 
components. No significant change in the XRD pattern is observed for the sample annealed at 700 C (not 
shown here). The XRD patterns of the powders annealed at temperatures from 800 to 1200 C show the 
evolution of crystallization process of BCZT. Between 29º and 32º, for the sample annealed at 800 C, the 
peaks (fig. 2a) can be attributed to CaCO3 (29.4º), BaZrO3 (30.11º) and two overlapping peaks corresponding 
to (110) BZT and CaZr03 at 31.13º and 31.47º, respectively. In powders annealed at 900 C and 1000 C (fig. 
2b and 2c), the peaks corresponding to intermediate compounds disappear, indicating the gradual 
transformation in the (110) of BCZT. Single phase BCZT is formed with the increase of the annealing 
temperature above 1100 C. 
 
 
Fig. 1. XRD patterns of the milled powder at room temperature and annealed at temperature from 800 to 1200 C for 2 h. 
 
      
 
Fig. 2. (110) peaks of powders calcined at a) 800 C, b) 900 C and c) 1000 C. Black lines show experimental data and red lines correspond 
to the peak profiles fit using multi Lorentzian functions. 
 
In DTA graphics (fig. 3), two endothermic peaks labeled as (1) and (2) and an exothermic one (3) are 
observed in the 600 – 900 C temperature range. The peaks (1) and (2) are produced by loss weight reactions 
(see TG graph) with CO2 emission; these reactions are similar to those reported for BaTiO3 (Kong et al., 
2002). The starting temperature of the exothermic peak (3) is the same as the final weight loss (as seen in the 
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TG results) and indicates the beginning of the crystallization. This result coincides with the onset of 
crystallization (beyond 900 C) described in the above discussion of X-ray. 
 
 
 
Fig. 3. DTA and TGA curves of the milled mixture. 
 
A typical SEM image of BCZT powder milled by 5 h, without calcination, is presented in Figure 4. The size 
of these powders is between 50 and 300 nm but they are seen as forming agglomerates of about 500 nm in 
diameter. 
 
 
 
Fig. 4. SEM observation of the powders milled for 5 h. 
 
In order to analyze the effect of using low calcination temperatures, all green samples were made from 
powders calcined at 800 C, as reported in papers on synthesis of BZT ceramics (Di Loreto et al., 2009; Kong 
et al., 2002). Furthermore, a dilatometric study up to 1450 C was performed on the green sample in order to 
found the optimal sintering temperature. As seen in Figure 5, the maximum derivate at the shrinkage curve is 
363 A. Frattini et al. /  Procedia Materials Science  1 ( 2012 )  359 – 365 
around 1280 C. For this reason, sintering temperatures from 1200 to 1400 C were chosen. Pellets fabricated 
using these conditions (sintered in air) were characterized by X-rays and SEM. 
 
 
Fig. 5. Shrinkage curve BCZT sample vs. temperature. 
 
 
Fig. 6. X-ray difraction patterns of BCZT ceramics. 
 
 
        
 
Fig. 7. SEM images of the BCZT ceramics sintered for (a) 1 h at 1250 C and (b) 2 h at 1400 C. 
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Although the X-rays (fig. 6) do not exhibit significant structural differences, the SEM images of sintered 
pellets (fig. 7) show liquid phase sintering with no significant grain growth (~ 1 Pm) in almost all cases except 
at 1400 C. At this sintering temperature, the grain size increased significatively (5-15 Pm) but the grain 
boundaries were well defined, without presence of liquid phase. 
 
 
Figure 8: Frecuency dependence of the relative permittivity for BCZT ceramics with different thermal treatment  
 
Figure 8 shows the effect of the different sintering temperatures on the dielectric constant. In the range of 1 
kHz to 100 kHz, in all samples, there is low dependence of the dielectric constant with frequency. However, 
the dielectric constant varies significantly with time of sintering. The sample sintered at 1250 C for 3h shows 
a value 1.5 times greater than that sintered at the same temperature for 1 h. Moreover, the dielectric constant 
increases with sintering temperature; in particular the dielectric constant of the sample sintered at 1400 C (2h) 
is four times larger than the one of the sample sintered at 1250 C for 1 h. This behavior is in agreement with 
what is shown in SEM graphs, where the final structure of the ceramic sintered at 1400 C is optimal. 
 
 
Figure 9: Polarization vs. electric field at room temperatures ranging and 80 C 
 
The hysteresis loops represent the change in remanent polarization when adding an electric field in 
ferroelectrics. For the ceramics sintered at 1400 C, the ferroelectric hysteresis loops measured under an AC 
electric field of 50 Hz are plotted in Figure 9. From these experimental data, the value of remanent 
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polarization (Pr) and coercive field (Ec) at room temperature are 5.7 PC/cm2 and 3.7 kV/cm, respectively. 
Besides, with increasing temperature, the shape of the P-E hysteresis loops changes slightly and the remanent 
polarization decreases as the paraelectric phase approaches. In particular, at 80 C the Pr value is 2.0 PC/cm2. 
4. Conclusions 
In this study, the fabrication procedure of BCZT ceramics has been investigated. Single phase BCZT 
powders (300 nm in average diameter) were obtained from high energy ball milling of precursor compounds 
and further calcination, between 800 at 1200 C, for 2 h. Very dense BCZT ceramics with good dielectric 
properties were obtained, sintering in the temperature range 1250-1400 C from powders calcined at 800 C. 
We show that the increase of the sintering temperature leads to the improvement of the electric properties. We 
note however that the increase in the calcination temperature constitutes an alternative way to improve these 
properties (Liu and Ren, 2009). We believe that our preliminary studies are promising; and further 
investigations are in progress to reach for a sintering temperature lower than the one reported here. 
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